Myocardial perfusion pressure, defined as the aortic diastolic pressure minus the right atria1 diastolic pressure, correlates with coronary blood flow during cardiopulmonary resuscitation (CPR) and predicts initial resuscitation success. Whether this hemodynamic parameter can predict 24-h survival is not known. We examined the relationship between myocardial perfusion pressure and 24-h survival in 60 dogs that underwent prolonged (20 min) ventricular fibrillation and CPR. Forty-two (70%) animals were initially resuscitated and 20 (33%) survived for 24 h. Myocardial perfusion pressure was significantly greater when measured at 5, 10, 15 and 20 min of ventricular fibrillation in the resuscitated animals than in the non-resuscitated animals (P < 0.01). Likewise, the myocardial perfusion pressure was also greater in the animals that survived 24 h than in animals that were resuscitated, but died before 24 h (P < 0.02). Myocardial perfusion pressure measured after 10 min of CPR was 11  2 mmHg in animals never resuscitated, 20  3 mmHg in those resuscitated that died before 24 h and 29  2 mmHg in those that survived 24 h (P < 0.05). A myocardial perfusion pressure at 10 min of CPR of 20 mmHg or less is an excellent predictor of poor survival (negative predictive value = 96%). Myocardial perfusion pressure is a useful index of CPR effectiveness and therefore may be a useful guide in helping to optimize resuscitation efforts.
INTRODUCTION
The ultimate goal of cardiopulmonary resuscitation (CPR) is long-term survival without neurological deficits. A major problem in modern CPR is evaluating the effectiveness of ongoing resuscitation efforts. Aortic diastolic pressure and myocardial perfusion pressure, defined as the aortic mid-diastolic pressure minus the right atria1 mid-diastolic pressure, measured during CPR have been shown to be predictive of defibrillation success and immediate resuscitation [l -11] . However, immediate resuscitation results do not always correlate with either long-term survival or neurologic outcome of survivors [2, 12] . Therefore, we analyzed retrospectively pooled data from our CPR research data base containing a series of 24-h survival experiments involving six different methods of external CPR, to determine if myocardial perfusion pressure measured during CPR could predict 24-h survival as well as immediate resuscitation.
MATERIALS AND METHODS

Animal preparations
All animal experiments were performed in accordance with the University of Arizona and Purdue University Animal Welfare Guidelines and according to the American Physiologic Society, Animal Research Guiding Principles. Sixty large mongrel dogs (23.5  0.4 kg body weitht) were anesthetized with morphine sulfate 2 mg/kg intravenously, then orally endotracheally intubated and given halothane l-1.5% in oxygen. Under anesthesia, a 7-Fr. multipurpose catheter was inserted in the right femoral vein and advanced to the right atrium, while a 7-Fr. pigtail catheter with an intraluminal stainless steel wire was inserted via the right femoral artery into the ascending aorta. Subcutaneous leads were attached for electrocardiographic monitoring. The animals were subsequently weaned from anesthesia until the return of corneal reflexes was noted. Baseline hemodynamic pressures including ascending aortic, systolic and diastolic pressure and right atrial systolic, diastolic and mean pressures were obtained prior to full emergence from anesthesia. The aortic catheter was then advanced across the aortic valve into the left ventricle (LV). Before the animal awakened from anesthesia, ventricular fibrillation was induced electrically by passing a 60 Hz current through the wire in the LV catheter. After verifying ventricular fibrillation, the LV catheter was pulled back into the ascending aorta.
Experimental protocol
Following the onset of ventricular fibrillation, no intervention was performed for 3 min. After 3 min, one of six methods of CPR was performed for 17 min including: manual American Heart Association Standard [13] , High Impulse Compression [14] , Interposed Abdominal Compression [15] , Thumper @ performed American Heart Association Standard [13] , Simultaneous Compression and Ventilation [6] , or Vest CPR [8] . Each animal received only one form of CPR. All studies were performed under similar conditions in the same laboratory, albeit over a study period extending over two years. Aortic and right atrial pressures were measured at 5, 10, 15 and 20 min of ventricular fibrillation. Pressure recordings were calibrated prior to each measurement.
Myocardial perfusion pressure was calculated from the mid-diastolic aortic pressure minus the simultaneously obtained mid-diastolic right atrial pressure. At 20 min of ventricular fibrillation, electrical defibrillation attempts beginning with 100 J stored energy were performed. The stored energy setting was increased to 200 J and then to a maximum of 300 J, as needed, in an attempt to successfully defibrillate. If defibrillation was unsuccessful or if re-fibrillation occurred, a 10-min period of advanced cardiac life-support was performed. During this time, further CPR, defibrillation attempts (300 J), and use of intravenous epinephrine and atropine, were instituted in an aggressive attempt to resuscitate each animal.
At 30 min following the induction of ventricular fibrillation, CPR efforts were stopped and the aortic blood pressure measured. If the mean aortic blood pressure was greater than or equal to 60% of the mean baseline aortic pressure, the animal was considered "resuscitated." Resuscitated animals entered an intensive care period for up to 2 h during which time all necessary ventilatory and hemodynamic support was provided with mechanical or manual ventilation and dopamine HCl. During this time all animals but one were successfully extubated. No animal required vasopressor support beyond this 2-h period. Animals were then placed in a maintenance cage for 24 h. Following 24 h, all survivors were euthanized. Necropsies were performed for all animals.
Data analysis
Pressure measurements were taken at mid-systole (compression phase) and at mid-diastole (relaxation phase of chest compression) during CPR. Hemodynamic data were recorded at 5, 10, 15 and 20 min of ventricular fibrillation. Animals were categorized into groups according to outcome: non-resuscitated: resuscitated but surviving less than 24 h; and 24-h survivors. Animals judged to have died from CPR-induced trauma deaths were then identified from the nonsurviving groups and the data again analyzed.
Analysis of variance testing was performed to compare potential hemodynamic predictors among the different outcome groups. If a significant difference was found with the analysis of variance, then further testing using Bonferroni's correction for multiple comparisons was performed. Sensitivity, specificity, positive predictive value, and negative predictive value were calculated in the standard fashion [16] to evaluate (post hoc) the premise that a coronary perfusion pressure (CPP) greater than 20 mmHg, measured at 10 min of CPR, predicts excellent survival. All data are reported as mean  S.E.M. A P-value less than 0.05 was considered significant.
RESULTS
Forty-two of 60 animals (70 %) were successfully resuscitated at 30 min. Twenty of 60 (33%) survived for 24 h. There were no differences in baseline hemodynamic values among the different outcome groups (Table I) . Throughout the entire CPR episode, myocardial perfusion pressure was significantly greater for those animals resuscitated than for those animals not resuscitated (Table II) . Myocardial perfusion pressure was also significantly greater for those animals that survived 24 h compared to those animals that, though resuscitated, survived less than 24 h (Table III) . Aortic diastolic pressure was significantly higher at 10 and 20 min of ventricular fibrillation for animals that survived the full 24 h versus animals that were resuscitated but did not survive 24 h (Table III) . There was no significant difference between survivors and resuscitated animals that died prior to 24 h for aortic systolic pressures, right atrial systolic pressures, or right atrial diastolic pressures.
Significant differences in myocardial perfusion pressure, measured at 10 min of CPR, existed among the three distinct outcome groups. Myocardial perfusion pressure was significantly less in non-resuscitated animals than for animals that were resuscitated but died before 24 h and for animals that survived 24 h. Similarly, myocardial perfusion pressure in animals resuscitated that died before 24 h was significantly less than in animals that survived 24 h (Fig. 1) . Myocardial perfusion pressure was related to outcome in these three groups. Eight of the 40 non-surviving animals had extensive CPR-induced trauma at necropsy. Three of these animals were never resuscitated and five were initially resuscitated but died within 4 h. After these animals were separated from the others and a fourth group designated, the data were re-analyzed. The mean myocardial perfusion pressure at 10-15 min of CPR for this group was significantly higher than any of the other groups, including the animals that survived 24 h. The mean myocardial perfusion pressure of the animals suffering fatal CPR-induced trauma is compared to the others in Fig. 2 . The sensitivity, specificity, positive and negative predictive values of a myocardial perfusion pressure greater than 20 mmHg at 10 min of CPR are shown in Table IV . 
DISCUSSION
Presently, the best indicator of effective CPR that can be expected to produce successful resuscitation, is myocardial perfusion pressure [l -11] . Myocardial perfusion pressure correlates well with myocardial blood flow produced during CPR in experimental models [5, 6, 11] . Both myocardial perfusion pressure and myocardial blood flow correlate with resuscitation success [5, 6, 11] . Myocardial perfusion pressure and aortic diastolic pressure are also significantly greater in animals that are successfully resuscitated versus those not resuscitated after 20 min of CPR [7 -9] . However, initial resuscitation success does not necessarily translate into long-term survival following cardiac arrest. Redding and Pearson were able to resuscitate 51 of 105 small dogs using external CPR, but only 24 of these 51 (47%) survived 24 h [2] . Likewise in our series of 60 large dogs, only 22 of 42 (52%) initially resuscitated animals survived 24 h. From both of these studies evaluating external CPR, only about 50% of animals successfully defibrillated with the restoration of a perfusing rhythm survived for 24 h. Whether myocardial perfusion pressure can predict 24-h survival, and not just successful defibrillation and restoration of spontaneous blood pressure, has not been previously examined.
Our finding that myocardial perfusion pressure is significantly higher in animals surviving 24 h than in successfully resuscitated animals that die before 24 h, suggests that myocardial perfusion pressure is a useful marker of 24-h survival. The importance of myocardial perfusion pressure in producing successful long-term survival is remarkable considering the many factors that influence 24-h survival post-cardiac arrest: the time before the initiation of CPR after cardiac arrest [17] , time between the initiation of CPR and the arrival of definitive cardiac defibrillation [18, 19] , total resuscitation time [20] , hemodynamic status post-resuscitation [21] , CPR trauma [22] and the clinical status prior to cardiac arrest [21] .
In this experimental model, using a myocardial perfusion pressure greater than 20 mmHg to define the lower limit of adequate perfusion expected to provide good long-term results, we found that about one-third of those animals identified as probable survivors will not survive (positive predictive value of 61%). The most likely explanation is that some animals with good perfusion pressures suffer CPR-induced injuries that limit their long-term survival. Hence, though almost all survivors will have a myocardial perfusion pressure greater than 20 mmHg (sensitivity of 95%), not all animals with perfusion pressures above 20 mmHg will survive (specificity of 69%). Most importantly, if the myocardial perfusion pressure is less than 20 mmHg the likelihood for a successful long-term outcome is very poor (negative predictive value of 96%).
This information, obtained by arterial and right atrial pressure monitoring during the actual CPR effort, can be used to enhance the chances of success for each individual victim of cardiac arrest. Again within the confines of this cardiac arrest model, if the myocardial perfusion pressure is less than 20 mmHg at 10 min of CPR, then definite efforts should be made to alter the resuscitation therapy. Continuing in the same mode of therapy will almost never result in longterm survival. Changes in the resuscitation therapy can be as simple as increasing the force of compression or altering the site of compression. Other possibilities include increasing the use of alpha agonists or open chest cardiac massage. The effect of such changes can be monitored by following the same hemodynamic parameter: the myocardial perfusion pressure.
The production of myocardial perfusion pressure with external CPR techniques is not without its problems. In an effort to maximize perfusion the use of excessive force with chest compressions can result in severe and life-threatening injuries. In this animal model of cardiac arrest, a myocardial perfusion pressure of 30 mmHg appears to be ideal for insuring long-term survival without a high degree of CPR-induced injury. Efforts with external chest compressions to raise this perfusion pressure above 30 mmHg do not seem justified because of the resultant CPRinduced trauma. The animals that died from CPR-induced injuries had a mean perfusion pressure of 39  4 mmHg, while the animals that survived 24 h had a mean perfusion pressure of 29  2 mmHg. These results suggest that myocardial perfusion pressure measured during CPR can also be used as a guide to avoid unnecessary injury.
Limitations
Myocardial perfusion pressure in this and other experimental CPR studies was measured in normal experimental animals. Most victims of cardiac arrest have coronary artery disease. Absolute values of myocardial perfusion pressure that produce resuscitation and 24-h survival in the healthy experimental animal free of coronary artery disease may not correlate with the human situation; nevertheless, the pattern of higher myocardial perfusion pressures producing better outcomes seems clear, up to the point where further efforts to improve myocardial perfusion pressure produce excessive trauma. Prospective study of myocardial perfusion pressure in humans to evaluate the optimal range for predicting survival seems indicated.
CONCLUSION
Identification of factors that accurately predict outcome during CPR is important, as alternative, more invasive approaches should be instituted only when it is known that continuing with the same approach will not be successful. Myocardial perfusion pressure can predict not only immediate resuscitation success but also 24-h survival, and can be used during the performance of CPR to guide the rescuer in his efforts to perform optimal CPR. If the myocardial perfusion pressure is less than 20 mmHg after 10 min of resuscitation efforts, then changes in the performance of CPR may be needed to improve successful long-term outcome.
